The successful lasing at the SLAC National Accelerator Laboratory of the Linear Coherent Light Source (LCLS), the first X-ray free-electron laser (X-ray FEL), in the wavelength range 1.5 to 15Å, pulse duration of 60 to few femtoseconds, number of coherent photons per pulse from 10 13 to 10 11 , is a landmark event in the development of coherent electromagnetic radiation sources. Until now electrons traversing an undulator magnet in a synchrotron radiation storage ring provided the best X-ray sources. The LCLS has set a new standard, with a peak X-ray brightness higher by ten orders of magnitudes and pulse duration shorter by three orders of magnitudes. LCLS opens a new window in the exploration of matter at the atomic and molecular scales of length and time. Taking a motion picture of chemical processes in a few femtoseconds or less, unraveling the structure and dynamics of complex molecular systems, like proteins, are some of the exciting experiments made possible by LCLS and the other X-ray FELs now being built in Europe and Asia. In this paper, we describe the history of the many theoretical, experimental and technological discoveries and innovations, starting from the 1960s and 1970s, leading to the development of LCLS.
Early history
Electromagnetic waves are everywhere in the universe. Our life depends on the energy 49 we receive from the Sun in the form of electromagnetic waves. Telecommunications, Fig. 1 . The average and peak brightness, of photon beams at LCLS, the DESY VUV and soft X-ray FEL, FLASH, and some advanced synchrotron radiation sources. The first results obtained at LCLS are in good agreement with prediction presented in this figure. The red arrows are used to visualize the large increase in brightness obtained at LCLS. Original plots from the LCLS Design Report, reference [3] .
in all its forms, are based on the generation of electromagnetic waves. In most cases 1 the electromagnetic waves we generate are incoherent, like those we receive from the 2 Sun, a random superposition of waves at different frequencies and different phases, 3 very much like the noise we hear in a room full of people talking between themselves. 4 However, if instead of people talking at random, we have in the same room a choir the 5 result is dramatically different. The choir members sing at well-defined frequencies or 6 group of frequencies, and emitting sound in phase with each other. The acoustic waves 7 they generate are coherent, having well defined frequencies and being in phase. Doing 8 the same with electromagnetic waves has long been a goal of scientists and engineers, 9 successfully achieved in the early part of the XIX century for radio wavelengths, a 10 few to hundred meters, using the oscillations of electrons in a metal. Unfortunately, 11 this method does not work as well when the wavelength is reduced. New methods and 12 devices have to be invented. Electron beams propagating in vacuum inside a metallic 13 structure have been used, starting in the 1930s, to generate coherent microwaves, 14 at centimeter wavelengths. An article by Pierce [Pierce 1962 ], one of the scientists 15 contributing to these developments, narrates the history of these developments. 16 It is interesting at this point to notice, as done by Pierce in his paper, that an 17 important part of the microwave tube history was the invention at Stanford Uni- 18 versity of the high power klystron by the brothers Sigurd and Varian [Varian 1939 ]. 19 High power klystrons are the device powering radars, communications systems and, 20 are many papers on the history of the lasers and their development, among them tists have since utilized the laser as a powerful instrument for research in all areas 25 of science. Laser operating in the near infrared can generate pulses with extremely 26 large peak power, up to terawatts or even petawatts, and extremely short duration, 27 as short as a femtosecond or even less, characteristic of some atomic and molecular 28 systems. One femtosecond (fs) is the time one valence electron takes to go around one 29 
nucleus.

30
However the space resolution is limited by the radiation wavelength to the mi- 31 crometer or sub-micrometer range, well above the atomic scale length of about 1Å.
32
Extending atomic lasers to theÅngstrom region is made very difficult by the huge 33 amount of power needed to produce population inversion in the inner atomic electron- 34 ics level corresponding to this wavelength. Finding a way to have coherent radiation 35 sources that jointly have atomic space and time resolution, generating X-ray pulses 36 with femtosecond duration andÅngstrom wavelength, an X-ray laser, would open 37 a new way to explore the spatial structure and dynamics of atomic and molecular 38 processes, a real breakthrough for the study of the properties of matter. 39 The dream of an X-ray laser has motivated many scientists for many decades. This 40 paper describes how, using free-electron lasers, based on relativistic electron beams 41 propagating in vacuum in a particular type of magnet, an undulator, this dream has 42 become reality. 44 Microwave tubes, and in particular klystrons, developed initially during World War 45 II to power radars, were the first sources of coherent electromagnetic radiation from 46 free-electron beams. The term free-electron describes the fact that, contrary to the case of atomic lasers, the electrons are not bound to a nucleus in an energy level. 48 They make use of a metallic slow wave structure to produce an electric field parallel 49 to the direction of propagation of an electron beam and make the phase velocity An electron bunch moves through a planar undulator magnet. Its trajectory oscillates around the longitudinal magnet axis, in a plane perpendicular to the magnetic field. The electron acceleration, perpendicular to the axis, is periodic with the undulator magnet period.
From microwave tubes to FELs
Fig. 3.
Electron trajectory and emitted radiation. The radiation is emitted in the forward direction, within an angle 1/γ, where γ is the electron energy in rest mass units, E = mc 2 γ, and mostly near the part of the trajectory where the acceleration is larger. an undulator consists of a magnet array, with alternating North-South polarities, 9 generating a field, transverse to system axis, of maximum value B 0 and oscillating 10 in a plane like a sinusoid. In this field an electron with a component of the velocity 11 parallel to the undulator axis follows a sinusoidal trajectory around the same axis, in 12 a plane perpendicular to the direction of the magnetic field, as shown in Figure 3 .
13
Being accelerated, the electron emits a wave train with a number of waves equal 14 to the number of magnetic periods, N U . The far field radiation seen by an observer on 15 the undulator axis, z, at some distance from the undulator, is the result of interference 16 between the waves emitted at each period, as shown in Figure 4 . The interference gives 17 a positive addition of the waves when the time delay between the waves emitted at 1 two consecutive electron oscillation maxima is equal to the wavelength
where β z is the longitudinal velocity, velocity along the undulator axis. in units of the 3 light velocity, c. We assume the longitudinal velocity to be near to one, β z ≈ 1. From 4 this equation we obtain the relationship
between the radiation wavelength λ, the undulator period, λ U , and the electron lon- 6 gitudinal velocity. For relativistic electrons it is possible to assume 7 θ ≤ 1/γ 1, 1 − β z 1.
8
In this case the radiation wavelength is much shorter than the undulator period.
9
The electron trajectory is determined by the undulator magnetic field, and has 10 a component, V T , transverse to the undulator axis. The motion in the undulator 11 magnetic field leaves the electron energy, and the magnitude of its velocity, constant,
12
when we neglect the emission of radiation, a quite good first approximation. The 
where z is the position along the undulator axis and 2 17 is a quantity characterizing the undulator magnet, called the undulator parameter, between the undulator period and the radiation wavelength can be rewritten in the 23 most widely used form
This dependence makes it easy to change the wavelength from centimeters or mil- There are several books and reviews on the physics and technology of FELs, where the review paper by [Pellegrini 2004 ], where other references are given.
31
The line width of the emitted radiation is approximately the inverse of the number 32 of waves in the emitted wave train
As an example let us consider a case similar to that of LCLS. Assuming γ = 3 × 10 4 ,
34
λ U = 3 cm, K = 3, we obtain λ ∼ 1Å. The radiation generated by a beam with N e electrons, distributed over a certain The simplest case, (a) is when the bunch length is much shorter than the radiation 9 wavelength. In this case all the wave trains have approximately the same phase and 10 the radiation intensity is proportional to the square of the electron number, I ∼ N 2 e , 11 the radiation from all the electrons is coherent, the radiation wave front is like that 12 generated by a single super-particle of charge N e .
13
If the electron bunch length is much larger than the radiation wavelength, and the 14 longitudinal electron distribution is random over the scale defined by the radiation 15 wavelength, case (b), the superposition is similar to that shown in Figure 5 , top case. 16 In this case the intensity is proportional to the number of electrons. The difference in 17 intensity between the two cases is rather large, since typically the number of electrons 18 in a bunch can be as large as 10 9 to 10 10 .
19
On the other hand, while it is within the range of our technologies to easily gener-20 ate in electron accelerator bunches with this number of particles and lengths of cen-21 timeters to millimeters, it becomes increasingly difficult to do so at sub-millimeter to 22 micro-meter lengths. Hence the interest in another case, case (c), with bunch length 23 much longer than the wavelength, but electrons organized in micro-bunches sepa-24 rated by about one radiation wavelength. The wave trains are nearly in phase and 25 the radiation intensity can be again proportional to some power of N e intermediate 1 between 1 and 2, depending on how well the condition is satisfied. consists, as shown in Figure 6 , of a linear accelerator, an undulator magnet, and an 34 input electromagnetic wave, which generates stimulated emission from the electrons,
35
amplifying the input wave. As we will see later the amplification process can also be 36 described as a transition of a beam initially in case (b), with a random distribution of 37 electrons on the wavelength scale, to a beam corresponding to case (c), with a large 38 increase in the bunching factor and thus in the intensity of the radiation field.
39
Madey experimental system is shown in Figure 6 [Elias 1976 In this field the trajectory of an electron of energy and longitudinal velocity γ, β z is 1 a helix of radius a = λ U K/2π γ β z . The electron velocity transverse to the undulator 2 axis is
while the longitudinal velocity β z is a constant β
For a relativistic electron the longitudinal velocity can be well approximated by
While there are differences between a helical and a planar undulator, for instance 7 the radiation is circularly polarized instead of linearly polarized, the basic physics 8 of emission of radiation by the electrons is the same, and the formula (4) for the 9 radiation wavelength is still valid with the simple substitution of K 2 /2 with K 2 10
[ Murphy 1990 ]. The interaction of the electrons with the undulator and radiation 11 field, the FEL mechanism, is also essentially the same, with some minor differences, 12 in the two cases. In the following description of the FEL theory we will consider the 13 somewhat simpler case of a helical undulator.
14
Madey described the stimulated radiation emission process using a quantum me-15 chanical approach, in the reference frame where the electrons have zero longitudinal 16 velocity, and execute an oscillation in the transverse direction. Using the Weiszäcker- 17 Williams approximation [Weiszäcker 1934; Williams 1935 ] the undulator field is rep-18 resented as a circularly polarized plane wave. In this frame the system consists of 19 two electromagnetic waves traveling in opposite directions, and electrons oscillating 20 transversely to the direction of propagation of the waves. The small signal gain is 21 evaluated from the photon transition probability from one state to the other, and the 22 corresponding change in intensity of the input wave. The condition to obtain gain is 23 that the frequency of the input signal be near to that of the spontaneous undulator 24 radiation. 25 Madey also considers over what wavelength range the FEL would work, and 26 he reaches the conclusion: "The dependence of the gain on the square of the final 27 state wavelength probably precludes the development of steady state oscillations in 28 the region beyond the ultraviolet. However, it remains possible that, considering the 29 intensity, the spontaneously emitted radiation might itself find applications".
30
A very interesting aspect the theory is that the gain, even if evaluated using the 1 quantum theory of radiation, does not depend on Planck's constant, the effect is 2 classical. The need of a quantum theory and the limitations of a classical theory were 3 studied in the early 1980s [Bosco 1983; Becker 1982; 1983; Dattoli 1985] , reaching the 4 conclusion that the effect is classical to very good approximation if the electron recoil 5 in the emission of a photon is small. More precisely the ratio of the photon energy to 6 the electron energy must be less than the radiation line-width, given by (5) . This is 7 certainly the case for infrared, visible, UV FELs, and even for most X-ray FELs. 8 Colson [Colson 1977 ] developed the classical theory of the FEL in the small gain tory is determined, to a very good approximation, by the undulator magnetic field, 12 and has a component, V T , transverse to the undulator axis, which is also the direction nents oscillate with the period, λ U , of the undulator field, as in equation (3) or (8) .
16
For relativistic electrons, γ 1, the traverse velocity is small, K/γ 1, and the 17 axial electron velocity is constant to second order in this quantity.
18
The electric field of the input wave is also transverse to the undulator axis, and
19
is chosen to be parallel to the transverse component of the velocity. Its amplitude is 20 given by
The electron energy change is then given by
where
the FEL phase, is the relative phase of the electron oscillation in the undulator and 24 the input wave.
25
Assuming z = β z ct we can evaluate the time derivative of the FEL phase
The energy exchange averages out to zero except when the derivative of the phase is 27 zero or small. The phase is then constant or slowly changing while the electron moves 28 through the undulator, as shown in Figure 7 .
29
The condition for constant phase requires that, when the electron moves ahead by 30 one undulator period its oscillation phase changes by 2π, the electric field phase also 31 changes by the same amount, or (λ U /λ R )(1 − β z )/β z = 1. This is the same condition can also be written as in (4)
We can use the condition of constant phase to define, for a given radiation wavelength, the resonant energy, as the electron energy for which (13) is satisfied, or
Fig . 7 . The plane wave electric field component along the x-axis -red and blue vectors -is parallel to the x component of the electron velocity. The electron trajectory in the undulator magnetic field, pointing in the direction perpendicular to the x-z plane, is a sinusoid. The z-axis is the undulator axis. In the case of the red electric vector the phase between the electron transverse velocity and the electric field remains constant, giving a large electron energy change. In the other case, blue vectors, the phase is changing and the average value of the electron energy change is nearly zero.
Colson's paper studies the electron energy change in the small signal case limit, as-1 suming that the change in the radiation field amplitude is small and can be neglected 2 when solving the coupled system of equations (10) and (12) . The change in the ra- In the small gain approximation, the electron dynamics in the combined field of introducing the new variables η = (γ − γ R )/γ R 1, τ = 4π z/λ U , the change in the 10 electron energy and FEL phase is described by [Colson 1977 ]
where the small oscillation frequency is
These equations are the same as that of a pendulum in a constant gravitational field. 13 The small amplitude frequency is proportional to the electric field amplitude. The 14 dynamics of the electron can be simply shown with a plot in the energy-phase plane. 15 The trajectories in this plane are shown in Figure 8 .
16
Energy can be transferred from the electrons to the radiation field, or vice versa, 17 depending on the initial beam energy, or, more precisely, on the quantity
called the detuning parameter. For δ = 0 the beam energy is such that the FEL phase 19 does not change, and the spontaneous radiation wavelength is exactly equal to the 20 radiation field wavelength. The dependence of the gain on the detuning, and other undulator and electron 1 beam parameters, for a monochromatic electron beam, is given by
where I P is the peak electron beam current, Σ its transverse area and I A = ec/r e ≈ 3 17 000 A is the Alfven current (r e is the classical electron radius). negative of the gain curve the result is zero or nearly zero. To have good gain the 3 energy spread must be smaller than the width of the gain curve, giving the condition
This is the first example of the requirements that the electron beam must satisfy 6 for the FEL to have gain and work as a laser. By inspecting the gain formula (18) 7 one can also see that for the gain to be large enough to be of practical value the 8 ratio I P /Σ, which means the electron density, must also be large and remains so 9 when the electrons propagate through the undulator. This leads to a requirement of 10 focusing along the undulator and on the electron angular spread. We will discuss in 11 more detail the importance of these conditions in the next section on High Gain FELs, 12 and how they reflect on the accelerator chosen to generate the electron beam.
13
Madey's group demonstrated the FEL feasibility in two experiments. The first 14 [Elias 1976 ], shown in Figure 6 , used a 24 MeV electron beam from a superconducting 15 linear accelerator at Stanford, with current of 5 to 70 mA. The helical undulator had 16 a period of 3.2 cm and a length of 5.2 m. The radiation wavelength was 10.6 μm and 17 the single pass gain was as large as 7%. The second experiment [Deacon 1977 ], shown 18 in Figure 12 , was an oscillator, at a wavelength of 3.4 μm, using the same helical 19 undulator surrounded by an optical cavity 12.7 m long and an electron beam energy 20 of 43 MeV. The cavity length is chosen so that the back and forth travel time of 21 the light pulse in the cavity is equal to the time separation between electron bunches 22 from the linac. The beam peak current was 2.6 A and the mirror cavity transmission 23 1.5%. When the current is increased near the maximum value, one observed a narrow 24 radiation line, with peak power of about 7 kW.
25
When the input signal is an external field the FEL is in an amplifier configuration. 26 The initial signal can also be the undulator radiation generated by the beam itself, in 27 which case the system is called a self amplified spontaneous emission (SASE) amplifier. 28 The oscillator can also start from the spontaneous radiation, or an external input.
29
As precursors to his own work Madey quotes the work of Motz already men-30 tioned, and that of Pantell et al. [Pantell 1968 ] on stimulated Compton scattering. 31 Other physicists exploring similar ideas were Robert Palmer [Palmer 1972 needed to produce population inversion.
10
The FELs, notwithstanding their larger size, cost and complexity, offer some ad- 
19
In the late 1970s and early 1980s the FEL theory was developed beyond Madey's 20 small signal gain case. In the small signal case theory the electric field is kept cons 21 tant during the interaction, and at the undulator exit the electron energy loss is 22 given to the radiation field, the theory is not self consistent. The next step was to 23 formulate a fully self-consistent theory, including the evolution of the electromagnetic it reaches a large saturation value.
32
The paper by Saldin and Kondratenko [Kondratenko 1980 ] is an important contri-33 bution. In this paper it was considered, for the first time, the possibility of using the 34 high gain regime, starting from spontaneous radiation, to reach saturation in a single 35 pass infrared FEL, using low energy electron beams (a few to 10 MeV), eliminating 36 the need of an optical cavity. This paper opened the possibility of using the same 37 approach at shorter wavelengths, as we will discuss in the next sections. In a second Besides clarifying some of the fundamental physics of the system, it gives a simple 48 way to evaluate and analyze the FEL characteristics on the back of an envelope.
49
The exponential growth is due to a collective effect, a phenomenon of self- creates an electron energy modulation on the scale of the radiation wavelength λ; 10 notice that the electromagnetic wave can be an external laser field, as in the 11 amplifier experiment discussed before, or a wave generated by the spontaneous 12 emission process. 13 2. The energy modulation leads to electron bunching, because electron with a larger 14 energy are less bent in the undulator magnetic field, and the length of their tra-15 jectory is shorter than that of an electron with a smaller energy, as shown in 16 Figure 13 . 
3.
A larger bunching factor B leads to higher EM field intensity; going back now to 18 step 1 we see that we have a system with positive feedback, generating a collective 19 instability.
20
The process can be completely characterized by the FEL parameter [Bonifacio 1984], 21
where Ω p = (4π n e r e c 2 /γ 3 ) is the beam plasma frequency, n e is the electron bunch 23 density and ω U = 2πc/λ U . The FEL parameter gives:
characterizing the exponential growth of the radiation power
along the undulator axis, z. 27 2. The saturation power of the radiation field
E being the electron beam energy and I P its peak current. Hence the FEL param-29 eter gives the fraction of the beam power transferred to the radiation field. Since 30 the radiation pulse duration and the bunch duration are approximately equal, 31 ρ also measures the fraction of the beam energy given to the radiation field. 3. When the amplification noise starts from the spontaneous radiation the FEL pa-33 rameter also gives the undulator length needed to reach saturation
a number of undulator periods about equal to the inverse of ρ. From (5) one can 35 also see that the FEL parameter gives the radiation pulse line width. Since the 36 number of undulator periods, and thus the undulator length, required to reach 37 saturation is of the order of ρ, it is necessary to have a system of practical utility 38 that the FEL parameters be larger than 1/10 000.
39
The analysis of the coupled system of the electromagnetic field and electrons moving 40 in the undulator field done in [Bonifacio 1984] can also be found in more details 41 Fig. 11 . The small signal gain curve, giving the gain amplitude as a function of, where δ is the detuning parameter defined in (17) . The gain can be positive or negative, energy can be transferred from the electrons to the radiation or vice versa. in reference [Murphy 1990 ]. It shows that the system can be unstable and exhibit 1 exponential growth of the bunching factor B and of the radiation amplitude
a n e iλnz (24) where the quantities λ n are a solution of the cubic equation
Exponential growth is obtained when the roots of the cubic equation are complex.
4
For small values of the detuning the imaginary root is
The dependence of the imaginary part of the root on the detuning is shown in Fig-6 ure 14. The behavior is quite different from that of the small gain case, shown in (18) 7 and in Figure 11 . For a long undulator, where the term with the exponential growth is smaller than a critical value of the order of 2. For a short undulator the exponen-10 tially growing term does not dominate and all three roots contribute to the change in 11 radiation intensity. This is the small signal case discussed before.
12
The curve in Figure 14 gives us another important characteristic of an FEL oper-13 ating in the high gain regime, the gain bandwidth. The gain has a maximum for zero 14 detuning and decreases when the detuning is larger or smaller than zero. Since the 15 detuning is the relative change in the FEL frequency, from this curve we can obtain 16 that the gain bandwidth is given once again by the FEL parameter. From reference [48] .
The dynamics of the system can be better understood by looking at the electron 1 phase space dynamics and bunching factor, as shown in Figure 15 , and at evolution 2 of the bunching factor and the radiation field intensity along the undulator axis as condition is zero external electromagnetic field, and random electron distribution on 10 the scale of the wavelength. This initial noise is what generates the spontaneous 11 undulator radiation in the limit of a short undulator, short meaning that L U , the 12 undulator length, is smaller than the gain length. At the contrary, when L U L G 13 the collective instability develops and the bunching and intensity grow exponentially 14 to saturation, which occurs in about ten gain lengths. This is the condition that we 1 call Self Amplified Spontaneous Emission. The plot of the intensity in logarithmic scale in Figure 18 shows clearly the expo-3 nential gain region, followed by saturation. given by the FEL parameter; the beam must be cold, its energy spread small 1 enough to avoid Landau damping of the instability; requiring that the radiation Rayleigh range be larger than the gain length,
These conditions are very important. On one side they become more restrictive at for the electron beam, and what kind of accelerator and electron source can be used. 10 As one can see from the definition of the FEL parameter, (20) , the gain length is a 11 function of the electron density. A larger electron density gives a larger value the beam 12 plasma frequency and of the FEL parameter ρ. However the conditions just discussed 13 put also limitations on the electron beam energy and momentum, or angular, spread. 14 This means that for an FEL to work we must require that its six-dimensional phase 1 space density, the number of electrons divided by the six-dimensional phase space 2 volume, V 6 = xp x yp y zp z be large. Here z is the longitudinal coordinate along the 3 undulator axis, and x, y are the two transverse coordinates. 4 Neglecting collisions the electron-undulator-radiation field system is an 5 Hamiltonian system and it follows from Liouville theorem [Liouville 1838 ] that its 6 six-dimensional phase space density is an invariant. In most cases the three degrees In accelerator physics terminology the quantities that are used are called the nor-11 malized emittances, and are defined as the phase space area divided by mc, the elec-12 tron rest mass times the light velocity. For the transverse case
where θ is the angle between the velocity in the x-direction and the z-axis. A similar Together with the normalized emittance another quantity commonly used is the 19 emittance, the product of the transverse position and angular spread
The emittance is only a beam invariant when the energy is not changing.
21
In the case of coherent photons, an ensemble of photons in the same state, the 22 transverse phase space area is obtained again from the uncertainty principle as
Hence condition (b) discussed before can be written as
The most common unit for the emittance, or the normalized emittance is meters × 25 radians. In this paper we will refer to the emittance in meters, omitting the radians, as 26 is done in the most recent literature. Of course the numerical value does not change. scaling law and opens the way to X-ray FELs.
35
Generating electron beams satisfying these conditions and giving an FEL parame-
36
ter value near to 0.001 has been the great challenge of X-ray FELs, as we will discuss 37 in the next sections. If they can be satisfied, the X-ray FEL intensity will grow expo-
38
nentially to reach saturation. The result is that, while in the spontaneous radiation 39 case the total intensity is proportional to the number of electrons, N e , in the high 40 gain case the total intensity is proportional to a power of N e between 4/3 and 2. The 41 number of electrons in a bunch is typically of the order of 10 9 −10 10 , so the change 50 kW, as shown in Figure 19 . The FEL showed exponential gain when starting from 10 spontaneous radiation noise, as shown in Figure 20 .
11
The Berkeley-Livermore was very important. However, since the radiation was 12 propagated in a wave-guide, it did not provide a full test of the diffraction effects and 13 their consequences for an FEL. These effects are clearly more important at shorter 14 wavelengths, when the radiation is propagating in vacuum. The three dimensional 15 theory [Moore 1984; Scharlemann 1985; Kim 1986b; Krinsky 1987; Yu 1990 ] 16 included diffraction losses, and showed the existence of refractive and gain guiding 17 of the radiation. The guiding, first predicted theoretically by Moore [Moore 1984 ] 18 and Scharlemann et al. [Scharlemann 1985 ], is of critical importance for lasing. Since 19 diffraction is related to the electron beam radius, and the wavelength, lasing requires 20 the gain in a Rayleigh range to be larger than the diffraction losses, as stated before 21 in condition (c).
22
The last theoretical step needed was an understanding of the temporal structure of 23 the radiation pulse in a SASE amplifier. The structure, and the related bandwidth, is 24 due to the "slippage" effect. Because the photons move faster than the electrons, the 25 radiation emitted by one electron moves ahead, slips, by one wavelength per undulator 26 tion between the electrons is only effective over a cooperation length, the slippage 6 in one gain length. In a 1-dimensional model the cooperation length can be written, 7 using (21), as
When starting from noise, and since the initial noise varies along the bunch length, The number of spikes in a pulse is given by the ratio of the bunch length to the an electron bunch length shorter than the cooperation length, when a single spike is 10 produced.
11
6 Can we build an X-ray FEL?
12 Following Madey's work, and while the FEL theory was being extended to the high 13 gain regime, other infrared FEL oscillators were built and used for research in con-14 densed matter, chemistry and biology, taking advantage of their tenability, the capa-15 bility to operate over a large range of wavelength. The question of whether it would 16 be possible to extend the FEL to the X-ray region was also being considered. The 17 existence of the high gain regime offered the possibility of large gain and of reaching 18 saturation in a single pass amplifier starting from spontaneous radiation, avoiding the 19 need for a low-loss optical cavity, which was unavailable at X-ray wavelengths.
20
Claudio Pellegrini became very interested in the possibility of exploiting the high 21 gain regime, studied in his work with Bonifacio and Lorenzo Narducci [Bonifacio 22 1984] , to develop an X-ray free-electron laser. In 1985 James Murphy and Pellegrini 23 analyzed the use of a SASE-FEL single-pass amplifier starting from noise, inserted in 24 a storage ring, to produce soft X-rays [Murphy 1985a; 1985b] . The analysis used the 25 electron beam from a storage ring, the accelerator giving the greatest beam density 26 obtainable at that time. Detailed knowledge of the beam properties and limitations 27 in a storage rings had been obtained in the two previous decades from the work done 28 to build high luminosity electron-positron colliders. The beam current, energy spread 29 and phase space density were included in the analysis and evaluated including all 30 known effects. The main limitation to the FEL gain comes from the energy spread, 31 which is larger than 0.001 at a peak current of a few hundreds Amperes, while the 32 normalized beam emittance is a few times 10 −6 m. The result was that, when using 33 a storage ring, the shortest FEL wavelength achievable is about 50 nm, a conclusion 34 still valid today. Similar results were obtained in other analyses of storage ring FELs 35 [Cornacchia 1986 ; Gover 1986]. 22 . The intensity and temporal structure evolution of a SASE radiation pulse for the LCLS case [Cornacchia 1998 ]. The random intensity fluctuation for a short undulator is that of the spontaneous radiation, changing on the scale of the radiation wavelength. Because of the FEL interaction the initial spikes coalesce in longer spikes, of length proportional to the cooperation length.
An alternative to storage rings was needed to reach shorter wavelengths, and 
29
In 1990 Palmer and Gallardo organized a workshop at Sag Harbor to explore 30 again the feasibility of a 1Å FEL [Gallardo 1990 ]. Two questions that were asked 31 to the participants: "What are the prospects for a 1Å Free-Electron Laser? Can 32 we obtain electron sources bright enough to get down to the 1Å region"? In the 33 workshop Pellegrini discussed the status of the research on short wavelength FELs, 34 including an analysis of the scaling laws, and showing that the FEL parameters, 35 and thus the gain length, scales like the square root of the wavelength, a weak and 36 favorable dependence [Pellegrini 1990 ]. His conclusions were: "The FEL in the SASE 37 regime offers an attractive route to an X-ray laser. To make this laser a reality it is 38 necessary to solve many problems; produce electron beams with very high quality and 39 refine the understanding of the physics of FELs. We also need to produce long, short-40 period undulators with good field quality. To reach these goals we need an extensive 41 experimental and theoretical effort on electron guns, accelerators and FELs with a 42 number of intermediate steps that will take us from the present region of 240 nm, and 43 1 W to 0.1−1 nm and 1 GW".
44
The physics and status of RF photoinjectors, which were identified as the more 45 promising system to reach the desired goals of beam transverse emittance, where 46 discussed at the workshop by Kim [Kim 1990 ]. In particular it was recognized that 47 the peak current and energy spread obtainable from RF photoinjectors, according to 48 the Los Alamos results at L band and the simulations for the S-band case, were much 49 superior to those obtainable in an electron storage ring, and satisfied the requirements 50 for an X-ray SASE-FEL. Kim also presented an analysis of the physics and technology 51 of RF photoinjectors, discussing methods to reduce the emittance blow-up due to 52 space-charge forces and RF curvature effects. X-ray FEL, and motivated Pellegrini's choice to propose to build it there.
30
The proposed parameters for the electron beam and a 4 nm FEL are shown 31 in Tables 1 and 2 , from [Pellegrini 1992 ]. The emittance assumed for the elec-
32
tron gun was the major issue for the extension to 0.1 nm, as stated in Pellegrini's The study group held regular meetings, mostly at SLAC and some at UCLA. 23 Initially it concentrated its efforts on a 2 to 4 nm FEL, the so-called water window 24 wavelength range, considered to be a safer initial step toward the Angstrom region. 25 The work was summarized in a paper presented at the August 1992 International 26 FEL conference, held in Kobe, Japan [Pellegrini 1993 ]. The FEL main characteristics 27 presented in this paper are given in Table 3 .
28
In April it was considered to submit a proposal for a 2 to 4 nm FEL to the US 29 Department of Energy for construction starting in 1995, and development work to be 30 done between 1992 and 1995. The name LCLS, introduced by Winick, appears for the 31 first time in a memorandum dated June 13, 1992.
32
A workshop on "Scientific applications of short wavelengths coherent light 33 sources", chaired by William Spicer and co-chaired by John Arthur and Herman 34 Winick, was also organized for October 1992. One of the main applications consid-35 ered for the water window FEL was X-ray microscopy of biological cells, a field that 36 had seen a considerable development in the 1980s [Jacobsen 1998 ]. However many sci-37 entists participating in the workshop expressed a strong concern about the practicality 38 of the X-ray FEL. The main concern was that the very high X-ray intensity would 39 The European Physical Journal H blow-up any sample on the beam path, making it impossible to obtain useful data, contrary to what happens in a storage ring based synchrotron radiation source, were 2 the intensity of each pulse is low, the sample can survive essentially unchanged, and 3 data from many exposure can be accumulated at the very high repetition rate of the 4 ring, in the MHz range.
5
The combined skepticism of many X-ray and FEL scientists on the practicality 6 and feasibility of the X-ray FEL project was a high hurdle to overcome, and made 7 very difficult to obtain support from funding agencies, as we will see later in this 8 paper.
9
In any case the study group continued its work and later on, in November 20, 21
10
of the same year, it presented its results to a technical review committee, chaired by beam parameters, and R&D was needed and recommended in some critical areas, in 6 particular the electron source emittance and longitudinal pulse compression, defining 7 the electron density and peak current, and the beam alignment in the undulator 8 system and strategy, since the tolerances were estimated to be of the order of 20 μm. 9 In August 1993 SLAC, Brookhaven National Laboratory (BNL) and UCLA formed 10 a collaboration to further develop the electron gun, using a common photoinjector 11 design, and reduce the emittance by a factor of two to three, as required to reach the 12 1Å wavelength.
13
In the mean time the construction of a 4.5 MeV photoinjector gun, based on the 14 Brookhaven design, was completed at UCLA and first measurements of the emittance 15 were reported in 1994 [Hartemann 1994].
16
As part of the collaboration Winick proposed, successfully, to build a Gun Test 17 Facility (GTF) at SLAC, in addition to the work already underway at Brookhaven 18 and UCLA. The GTF was located in an existing vault at SLAC, next to the elec-19 tron storage ring SPEAR, where electrical and other utilities, radiation shielding and 20 radio-frequency power were already available. The accelerator was a 3 m S-band linac 21 section. The test facility was built and commissioned by John Schmerge and James 22 Weaver. David Reis and David Meyerhofer, from the University of Rochester, devel-23 oped the photoinjector laser. Roger Miller and Dennis Palmer developed an improved 24 gun design, called the Next Generation Photoinjector [Palmer 1998 ]. A drawing of 25 the new gun is shown in Figure 25 . The BNL-SLAC-UCLA collaboration completed 26 the design and fabricated four copies of this gun. Four of these guns were machined 27 at UCLA and then brazed and cold tested at SLAC. High power testing proceeded 28 The work of the design group for an FEL conceived to operate in the water window Light" that issued his report in 1994 and gave a negative recommendation for the 21 development of X-ray FELs [Levy 1994 ].
22
The report recommendations were: 4. Construction of an X-ray free electron laser user facility should not be undertaken 8 at the present time. Even if the National Research Council report on FELs did not support funding the 40 development of an X-ray FEL, the work by the Winick study group continued, with 41 support from SSRL/SLAC, UCLA and some other groups. The interest moved back 42 from the water window FEL to shorter wavelength, about 1.5Å, that attracted more 43 support from X-ray scientists. The study group was followed near the end of 1995 by 44 a design group, under the direction of Cornacchia, that produced a full conceptual 45 design report of the system [Cornacchia 1998 ], and extended the operating wavelength 46 to 0.15-1.5 nm.
47
The conceptual design report study group included scientists from Lawrence 48 Livermore Laboratory, Los Alamos National Laboratory, UCLA, Lawrence Berkeley 49 National Laboratory, the European Synchrotron Radiation Facility, the University of 50 Rochester, the University of Milan, and DESY. The full list of names is found in 51 [Cornacchia 1998 ]. start date on an X-ray FEL would depend on the success of these small experiments.
20
The research should be a national effort involving universities and national laborato- In this experiment, done with a fixed undulator length, the intensity is measured Other theoretical predictions, like the characteristic electron beam microbunch-1 ing induced by the FEL collective instability, were also measured directly in this 2 experiment [Tremaine 1998 ] observing coherent transition radiation. One other exper-3 iment, at infrared wavelength, by a Los Alamos group, followed shortly after [Nguyen 4 1998].
5
The analysis of these experiments, and other experiments to follow, was much . By allowing the evaluation of the effect of a realistic electron beam, of 11 diffraction and of temporal spiking effects, these codes have been instrumental also 12 in the design of LCLS and other short wavelength FELs.
13
After these experiments the only missing part for a full test of the theory was 14 reaching saturation, that was expected to occur around a gain thirty times larger 15 than that obtained in the UCLA-Kurchatov-LANL-SLAC experiment. Figures 31-33 . These results, at different wavelengths, 25 from the visible to the UV, strongly support the validity of the FEL SASE theory 26 and the feasibility of an X-ray FEL. They also provide very useful and important 27 experience for the design and construction of short wavelength FELs. 33 . Measured SASE intensity evolution along the undulator length and numerical simulations (gray lines are the rms boundaries of the set of GENESIS runs). The amplification curve yields a power gain length of 17.9 cm and saturates near the undulator exit. From reference [Murokh 2003 ].
The possibility of using harmonics to operate the FEL at short wavelengths using These systems do not relax the electron beam phase-space density requirements 14 needed to reach a given wavelength, but offer the advantage of a reduced line-width 15 and the absence of spiking, yielding an improved longitudinal coherence, in some cases 16 approaching a few times the transform limit. However, their realization becomes more 17 complicated if the FEL wavelength is a large harmonic of the input signal used to 18 start the process, and might be problematic at wavelength of about 1 nm or shorter. 19
LCLS: The first hard X-ray FELs
20
The years 1998-1999 were very important for X-ray FEL development. The Los 21 Alamos-UCLA-Kurchatov-SSRL experiment, the first to demonstrate large gain 22 [Hogan 1998 ] for a SASE amplifier, gave much needed support to the LCLS project. 23 The LCLS design study group, led by Max Cornacchia, completed and published the 24 LCLS Conceptual Design Report [Cornacchia 1998 ] in December 1998. The report 25 addressed all the important issues about the feasibility of a 1. . . . Provisional support should be provided for a highly focused and fiscally respon- experimental proposals using the LCLS novel properties, such as the coherence, large 1 peak power, short sub-picosecond pulses, by several groups of X-ray scientists. The It was also clear that the LCLS was quite different from storage ring based syn-10 chrotron radiation sources, and that it would be important to move ahead to X-rays 11 pulses shorter than the design 230 fs, and also to control the pulse intensity and dura-12 tion to optimize each experiment. Given the strong connection between the X-ray laser 13 characteristics and the experimental program another workshop, "Physics of, and Sci-14 ence with X-ray FELs", was organized at Arcidosso, in Ialy in September, 2000, bring-15 ing together the scientists working on the generation of coherent X-rays with those 16 preparing to use them in the six experimental areas just mentioned [Chattophadyay 17 2001].
18
After giving a very important contribution to the X-ray laser development, as 19 one of the leaders of the VISA experiment and leader of the Design Study group, 20 Cornacchia left LCLS in the middle of 1999 and retired from SLAC a few years later. 21 Ewan Paterson took over the position while a search for a new project leader was 22 ongoing. The position was given to John Galayda, who had already successfully lead 23 the construction of the Advanced Photon Source at Argonne, and moved to SLAC to 24 be the LCLS project manager in April 2001. The construction of the LCLS accelerator-undulator system and part of the X-ray Argonne was given the responsibility for the undulator construction. Livermore was 14 responsible for the X-ray instrumentation and diagnostics following the undulator.
15
SLAC, on whose campus LCLS is located, had the responsibility for the overall design, 16 construction and integration of the system, including the instrumentation and facility 17 for experiments using the X-ray photons. John Galayda has been the project manager 
19
A schematic view of the LCLS on the SLAC campus is shown in Figure 35 and the 20 main electron beam, undulator and X-ray pulse characteristics are given in Table 4 .
21
The electron source is a photo-injector, an improved version of the BNL/SLAC/UCLA After the injector the electron bunch is compressed twice during the acceleration to 9 reach a peak current of 3 kA, while preserving the transverse phase-space and keeping 10 the electron relative energy spread at a value of 10 −4 or better. The bunch compressors 11 consist of a series of magnetic chicanes, producing an electron path length depending 12 on the electron energy. The electron energy distribution is made a linear function of its 13 longitudinal position in the accelerator radio frequency system. When the beam is run 14 through the magnetic chicanes the head particle is delayed respect to the tail particle, 15 reducing the bunch length. The system has been designed and located so that the 16 nonlinearities in the compression and acceleration process (due to longitudinal wake-17 fields, radio-frequency voltage curvature, and second order momentum compaction) 18 are approximately compensated. A small X-band radio-frequency cavity is also used 19 prior to the first compressor to linearize and stabilize the system [see LCLS 2002, 20 p. 7-1 and following].
Even if the initial design called for a 1 nC charge, the injector was designed with 22 the flexibility to operate at lower charges [see LCLS 2002, p. 7-1 and following], 23 making good use of progress in the radio frequency control system. The study of the 24 emittance and current scaling with the electron bunch charge [see LCLS 2000, p. 6-3], 25 and the development of advanced simulation techniques to follow the electron beam 26 during the generation, acceleration, compression process, and the radiation pulse in 27 the FEL process, gave the possibility of examining in detail the optimum choice of 28 the electron bunch charge for LCLS [Borland 2002 ]. In fact a detailed analysis, based 29 on the scaling laws and a consideration of collective, high intensity, effects in the gun 30 and during acceleration and bunch compression, led to the conclusion that a smaller 31 charge, 250 pC, was a better choice [Reiche 2002 ].
32
Collective, high intensity effects can degrade the beam quality, and much care 33 has been taken in the LCLS design to minimize the damage, including dividing the 34 bunch compression in two stages at different beam energies, as suggested initially by The X-ray pulse at the undulator exit has a radius of about 10 μm, and an an-51 gular divergence of 0.5 μradians. The electron beam position and pointing error at the undulator entrance must match these values. This is achieved controlling the 1 trajectory between the linac and the undulator entrance, using correcting magnets.
2
The combination of all the requirements on the electron beam 6-dimensional phase Table 4 .
12
Since April 2009 the LCLS has been operating successfully in the full wavelength 13 design range, 15 to 1.5Å. Initial experiments in the area of atomic and molecular 14 physics have already been performed. It is a testimony to the outstanding work done 15 by the design and construction group that even during this initial period of operation 16 the X-ray beam has beam made available to the experimental groups more than 92% 17 of the scheduled time As Paul Emma recently said: "This encouraging success story 18 demonstrates the real practicality and the great potential of future FELs, which are 19 now well grounded as stable and reliable light sources." 20 9 Conclusions and future directions 21 The success of LCLS opens the door to many new developments, as discussed and 22 reviewed recently [Pellegrini 2011] . One is production of coherent photons of higher 23 energies, up to 50 keV or more. Another is production of single spike, fully longitu-24 dinally coherent, short pulses, shorter than 1 fs, at very low electron bunch charge, 25 around a few pC [Rosenzweig 2008; Reiche 2008] , or the reduction of the line width to 26 a value near the transform limit by self-seeding in a two undulators plus monochro-27 mator system [Feldhaus 1997 ], or seeding with an external laser and lasing on higher 28 harmonics. The option of an X-ray FEL oscillator [Lindberg 2009 ] has been pro-29 posed and studied recently to obtain X-ray pulses with extremely small line-width, 30 about 10 −6 to 10 −7 .
31
The European XFEL, under development at DESY and scheduled for end of con-32 struction in 2015, will increase the average power and brightness over LCLS. XFEL 33 accomplishes this increase by using superconducting linac to augment the bunch rep-34 etition rate from 120 Hertz to 27 kHz.
35
The next generation of Soft X-ray FELs, following FLASH, will cover the nanome-36 ter wavelength range with variable polarization radiation, and repetition rates of Considering their unique properties, FELs will play a very important role in the 41 future of atomic and molecular science. The last step in their development will be 42 a reduction in size and cost to make them available to a larger community of sci-43 entists. Work in this direction is being carried out right now at several laboratories 44 and universities, to develop high frequency linacs and laser-plasma based electron 45 accelerators, to reduce the accelerator length by one to three orders of magnitudes. 46 New ideas in electron sources and undulators, reducing the period from centimeters 47 to millimeters, will also help to develop future low cost, compact FELs, while keeping 48 unchanged the X-ray pulse characteristics. 
